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Abstract: We present an analysis of constraints on two types of CP-odd electron-gluonic
operators (e¯iγ5e)GaµνGaµν and (e¯e)GaµνG˜aµν from current and future electric dipole moment
(EDM) experiments. The recent result from the ACME experiment using ThO molecules
is used to derive an impressive lower bound on the effective scale for (e¯iγ5e)GaµνGaµν at
8 TeV, assuming a QCD one-loop factor and no helicity suppression from new physics.
One interesting aspect is that (e¯iγ5e)GaµνGaµν contributes to the observable EDM in ThO
experiment mainly through CP-odd electron-nucleon interaction rather than direct electron
EDM which arises from three-loop running and matching. For (e¯e)GaµνG˜aµν the current
bound is much weaker and suffers from large uncertainties. We also discuss the QCD
running and matching for the CP-odd electron-gluonic operators and give an estimate of
the relevant nucleon matrix elements and uncertainties that are needed in the calculation.
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1 Introduction
Tests of fundamental discrete symmetries have proven to be crucial for the establishment
of the Standard Model (SM) of particle physics. The discovery of parity violation [1,
2] in weak interactions entails the introduction of a chiral gauge theory, in which the
generation of elementary fermion masses is tied to the electroweak symmetry breaking
mechanism in a nontrivial manner [3]. The time-reversal symmetry, or equivalently CP
invariance (assuming an exact CPT symmetry), turns out to be even more mysterious.
Currently all experimentally observed CP violation can be well accommodated by a single
Cabibbo–Kobayashi–Maskawa (CKM) phase, while the effective CP-violating θ angle in
the strong interaction is constrained to be vanishingly small for unknown reasons [4]. The
CP-violation from the CKM phase is however too small to explain the observed matter-
antimatter asymmetry of the universe. Given that these various clues do not point to a
clear picture undoubtedly, it is reasonable to be open-minded about the search for new
sources of CP-violation at all frontiers and the interpretation of the results thereof.
Recently the ACME Collaboration has set a new constraint on the electron electric
dipole moment (EDM) using ThO molecules [5]:
|de| < 1.1× 10−29e · cm (90%C.L.) (1.1)
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leading to stringent bounds on new sources of CP-violation. For example, this result
can be translated into a stringent bound on the imaginary part of the electron Yukawa
coupling [6, 7] (assuming no accidental cancellation): |Imκe| < 2× 10−3 where κe denotes
the ratio of the complex electron Yukawa to its SM value. This is remarkable since at
high energy colliders the current direct search for Higgs decaying to electrons can only
constrain the real part of the electron Yukawa to be less than a few hundred times its
SM value [6, 7]. More generally, if beyond the SM (BSM) CP violation occurs at some
high scale Λ, its effect can be parametrized by CP-violating higher-dimensional operators
in the SM effective field theory (SMEFT), which in turn can be bounded by electron EDM
measurements. Due to selection rules, at dimension-six level only a few operators contribute
to the renormalization of the electron dipole operators at one-loop [8]. To maximally exploit
the stringent constraint in Eq. (1.1) two-loop contribution from dimension-six operators
and one-loop contribution from dimension-eight operators may also be considered, which
are expected to deliver comparable constraints on the EFT scale Λ [8].
In this work we aim to constrain CP-violating interactions between electron and gluon,
which can be parametrized in SMEFT using dimension-eight operators. There are a number
of reasons why we are interested in these lepton-gluonic operators. Phenomenologically
they can lead to clean signatures at hadron colliders or in lepton-flavor-violation measure-
ments [9–11] (if lepton-flavor is not conserved). More interestingly, as we will show, one
of the CP-violating electron-gluonic operators is bounded by electron EDM measurements
using ThO molecules mainly due to its contribution to CP-odd electron-nucleon interactions
rather than direct contribution to electron EDM. In fact, what the ACME experiment really
constrains is the following combination of direct electron EDM and contribution from CP-
odd electron nucleon coupling [12–14]
dexp = de + kCS , k ≈ 1.6× 10−15 GeV2e · cm (1.2)
Here CS is the coefficient of the CP-odd electron-nucleon operator (e¯iγ5e)(N¯N). In the
SMEFT, up to dimension-six, CS receives contribution from certain CP-odd four-fermion
operators which involve two electrons and two quarks, due to quark contents in the nucleons.
Such four-fermion operators may arise in extended Higgs sector or leptoquark models [15–
19]. Since there also exist gluon contents in the nucleons it is natural to ask whether
constraints can be put on CP-odd electron-gluonic operators. In the literature such opera-
tors have been considered in the following contexts. First, if there exist CP-odd (e¯iγ5e)Q¯Q
operators where Q denotes a heavy quark (c, b, t) in the SM, then when we integrate out
the heavy quark in the EFT, CP-odd electron-gluonic operators could be generated via
matching [20]. Second, in supersymmetric models the CP-odd electron-gluonic operator
(e¯iγ5e)GaµνG
aµν can be generated through quark and squark loops [21–23], which however
suffers from helicity suppression. In this work, however, our interest will be constraining in a
model-independent manner, CP-odd electron-gluonic operators that are of independent new
physics origin (i.e. not generated by matching from CP-odd eeQQ(Q = c, b, t) operators)
and are potentially not suppressed by electron Yukawa.
Moreover, we will also investigate whether meaningful bounds can be put on the
(e¯e)GaµνG˜
aµν type operator using current and future EDM measurements. At electron-
– 2 –
nucleon interaction level, this operator is reduced to (e¯e)
(
N¯ iγ5N
)
so that it is proportional
to the averaged nucleon spin 〈sz〉. However, for ThO molecules used in ACME experiments,
in both Th- and O-nuclei, the protons and neutrons are all paired which leads to 〈sz〉 = 0
for both kinds of nuclei 1. That means through only a tree level analysis, the ACME
experiments cannot be used to constrain the (e¯e)GaµνG˜aµν type operator. We must turn
to higher-order analysis and other materials (for example, some heavy atoms), as shown in
the text.
The paper is organized as follows. In Section 2 the relevant electron-gluonic oper-
ators are listed in the SMEFT context, and their UV realizations are discussed. Due
to renormalization group running electron-gluonic operators could mix into four-fermion
operators, which is treated in Section 3, including possible threshold matching effects.
In Section 4 we discuss observable EDM effects from CP-odd electron-gluonic operators,
including both direct contribution to electron EDM and contribution to CP-odd electron-
nucleon interactions. The latter turns out to be the dominant effect. Then in Section 5 based
on the formulas obtained we present the bounds on the coefficient of CP-odd electron-gluonic
operators using current measurements and also make projections for future experiments.
Section 6 gives the discussion and conclusion.
2 CPV electron-gluonic operators and UV realizations
In the SMEFT, at the dimension-eight level, CP-odd electron-gluonic interactions can be
introduced through the Lagrangian
LCPVeg = CgOGIg + C˜gO˜GIg (2.1)
Here Cg and C˜g are dimensionless real numbers, and the SU(3)c×SU(2)L×U(1)Y -invariant
operators OGIg and O˜GIg are defined by
OGIg =
i
Λ4
L¯L · φeR
(αs
4pi
GaµνG
aµν
)
+ h.c. (2.2)
O˜GIg =
1
Λ4
L¯L · φeR
(αs
4pi
GaµνG˜
aµν
)
+ h.c. (2.3)
Here, Λ is the energy scale at which new physics is integrated out. LL =
(
νeL
eL
)
is the
left-handed lepton (electron) doublet while eR is the right-handed lepton (electron) singlet.
φ is the SM Higgs doublet with the vacuum expectation value (vev) 〈φ〉 = 1√
2
(
0
v
)
and v =
246 GeV. Gaµν = ∂µGaν−∂νGaµ+gsfabcGbµGcν denotes the gluon field strength tensor, withGaµ
being the gluon field, fabc the SU(3) structure constant, and gs the strong coupling constant
with αs =
g2s
4pi . G˜
aµν ≡ 12µνρσGaρσ is the dual gluon field strength, with the convention
1The ACME experiment chose the isotope 232Th16O which have the largest natural abundance (∼ 1),
and thus the pollution from other isotopes are ignored.
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0123 = +1. After electroweak symmetry breaking (EWSB), the U(1)em-invariant CP-odd
electron-gluonic interactions can be written as
LCPVeg ⊃ CgOg + C˜gO˜g (2.4)
Here Og and O˜g are defined as
Og = v√
2Λ4
e¯iγ5e
(αs
4pi
GaµνG
aµν
)
(2.5)
O˜g = v√
2Λ4
e¯e
(αs
4pi
GaµνG˜
aµν
)
(2.6)
Note through this definition the same set of Wilson coefficients Cg and C˜g appear in
Eq. (2.1) and Eq. (2.4). The introduction of the one-loop factor αs4pi in the definition of
the OGIg , O˜GIg ,Og, O˜g has the advantage of simplifying the one-loop running behavior of
the operator coefficients. Moreover, if we imagine these operators are generated at one-loop
level with no helicity suppression, then we would naturally expect Cg, C˜g ∼ O(1) (although
we will not confine ourselves to this possibility).
e g
Q
e g
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e
g
g
e8
Figure 1. Generation of effective electron-gluonic operators in various perturbative UV realizations.
Upper panel: Scalar-mediated toy model. Lower left panel: Leptoquark model. Lower right panel:
e8 model.
We note that the electron-gluonic interactions in Eq. (2.4) can be generated in several
perturbative UV realizations. Three examples will be enumerated here, in which we only
intend to sketch the part of the model relevant for the electron gluon interactions, with no
attempt to provide a genuine viable UV completion. In the first example (the upper panel
of Fig. 1), a new color-singlet scalar S is introduced, which has Yukawa couplings to both
the SM electron and a new quark Q charged under the QCD color group, in a CP-violating
manner, for instance
δL1 = −Yee¯iγ5eS − YQmQ
Λ
Q¯QS (2.7)
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where for simplicity let us assume Λ is the mass of S and mQ is the mass of Q. Then we
can estimate that for mQ & Λ, Og is generated with coefficient Cg ∼ −
√
2Λ
3v YeYQ. In the
second example (the lower left panel of Fig. 1), a scalar leptoquark X is introduced, which
couples to the electron and a new quark Q as follows
δL2 = −e¯(λeQPL + λQePR)QX + h.c. (2.8)
Here PL/R =
1∓γ5
2 , and λeQ = |λeQ|eiθeQ , λQe = |λQe|eiθQe are complex coefficients. In this
case Og is generated with coefficient Cg ∼ −
√
2Λ2
12vmQ
|λQeλeQ| sin ∆θ, in which Λ,mQ denote
the masses of X and Q respectively and ∆θ ≡ θeQ− θQe. In the third example, we consider
a color octet electron [24–27], denoted e8, which interacts with the electron and gluon in
the following CP-violating manner
δL3 = gs
16pi2Λ
e¯σµν(gLPL + gRPR)e
a
8G
a
µν (2.9)
Here Λ is the mass of e8, and gL = |gL|eiθL , gR = |gR|eiθR are complex couplings. When e8 is
integrated out, Og is generated with coefficient Cg ∼
√
2|gLgR| sin δθΛ
8pi2v
, in which δθ ≡ θL− θR.
We note that in the second and the third example, the chirality flip does not occur on the
electron line, therefore it is natural that for these cases Cg is not suppressed by the electron
Yukawa. Moreover, O˜g can also be generated (in the first example this would require more
general complex couplings). We emphasize that although we may have in mind certain
perturbative UV realizations, we would like to adopt a model-independent approach and
thus be open-minded about the origins of new CP-odd electron-gluonic operators. In fact,
for the perturbative examples shown above, generically they lead to large direct contribution
to electron EDM at one-loop order unless we construct the models in some contrived or
fine-tuned manner.
3 Operator running and mixing
Og and O˜g are expected to be generated by new physics at some high scale (e.g. a
few TeV). However, EDM measurements are performed at a much lower scale (. 1 GeV).
In the effective field theory, operators generally run and mix due to renormalization effects.
Moreover, when going below the threshold of some heavy particle, there could be matching
corrections when the heavy particle is integrated out. In this section we give an estimate
of the size of such effects, which lays the foundation for further analysis.
Let us start with the following CP-odd effective Lagrangian
LCPVeg ⊃ CgOg + CqOq + C˜gO˜g + C˜qO˜q (3.1)
in which the operators Oq and O˜q are defined by
Oq = v√
2Λ4
e¯iγ5e(mq q¯q) (3.2)
O˜q = v√
2Λ4
e¯e(mq q¯iγ
5q) (3.3)
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Figure 2. The induced Wilson coefficients Cg (left) and C˜g (right) for the operators Og and O˜g
of Eq. (3.1) at the hadronic scale of µ = 1 GeV versus the initial scale Λ, by numerically solving
the set of equations in Eq. (3.4) - Eq. (3.7), with the initial conditions Cg = 1, Cq = 0 (left) or
C˜g = 1, C˜q = 0 (right) at the scale Λ.
We include Oq and O˜q since they appear in the running and matching at (QCD) one-loop
level. mq is the running mass of the quark q. The Wilson coefficients Cg, Cq, C˜g, C˜q are
functions of the renormalization scale µ, with the leading order running behavior computed
in the MS scheme to be
d
d lnµ2
Cq =
α2s
pi2
Cg (3.4)
d
d lnµ2
Cg = 0 (3.5)
d
d lnµ2
C˜q = −α
2
s
pi2
C˜g (3.6)
d
d lnµ2
C˜g = 0 (3.7)
In the calculation, to preserve the anomaly equation of the singlet axial current and
nonrenormalization of the pseudoscalar quark operators we have introduced appropriate
finite renormalization as is done in ref. [28] (see also [29]). The results we obtained for the
running of Cq and C˜q agree with ref. [30]. 2 Besides running, the Wilson coefficients Cg, C˜g
also receive matching corrections when the heavy quarks q = c, b, t are integrated out
Cg → Cg − Cq
3
, (3.8)
C˜g → C˜g + C˜q
2
(3.9)
In this work, we take 2mq to be the matching threshold.
In Fig. 2 we plot the induced Wilson coefficients Cq (left) and C˜q (right) at 1 GeV scale
assuming Cg = 1, Cq = 0 (or C˜g = 1, C˜q = 0) at scale Λ. In the calculation the running of
2However, our running of Cq is a factor of 4pi smaller than that given by the Appendix of ref. [31] in the
context of µ → e conversion. Moreover, when compared with ref. [28], our running of Cq agrees while the
running of C˜q obtained here is twice as large as that obtained by ref. [28].
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αs is taken into account up to three-loop in QCD. For each flavor of light quark q = u, d, s,
the magnitude of the induced Cq or C˜q is around 0.06, with a mild dependence on Λ for Λ
in a few TeV range.
4 Observable EDM effects
e e
γ
γ
t
g
e e
g
t
h
t
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γ
Figure 3. Representative Feynman diagrams of three (left) or four (right) loop contribution
to direct electron EDM from CP-odd electron-gluonic operators. There is no two-loop diagrams
contributing, because the only diagram at two-loop level is to remove the internal photon line from
the left figure. However, this two-loop diagram is forbidden by Furry’s theorem, because after
tracing the color indices, it is equivalent to the case in which three photons contact to the same
fermion loop.
Generally speaking, EDM measurements at molecular or atomic level are sensitive
to multiple sources of CP-violating effects3. For example, the ACME experiment which
uses ThO molecules is sensitive to both the electron EDM and CP-odd electron-nucleon
interactions. In this section we discuss how CP-violating electron-gluonic operators may
contribute to observable EDM effects.
4.1 Direct electron EDM
Furry’s theorem prevents CP-odd electron-gluonic operators Og, O˜g from contributing to
the electron EDM at one-loop or two-loop order. Nevertheless, at three-loop and four-loop
order, we are able to draw diagrams, such as those shown in Fig. 3. The existence of such
contributions can be easily understood. For example, as shown in previous section, through
renormalization group running Oq can be induced from Og. According to the analysis of
operator mixing patterns presented in ref. [8] (see also [12]), Oq can generate the electron
EDM operator at two-loop level. This effectively leads to the three-loop diagram as shown
in the left panel of Fig. 3, which does not suffer from helicity suppression. On the other
hand, Og leads to an imaginary part of the effective electron Yukawa coupling at two-loop
level, which in turn generates the electron EDM through a two-loop Barr-Zee diagram,
leading to the four-loop diagram shown in the right panel of Fig. 3.
3We refer the reader to ref. [32–39] for reviews.
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If Og is generated at scale Λ with an O(1) coefficient, then its contribution to the
electron EDM de at three loop level can be estimated as
|de| ∼ αsmt
4pi
× αem
4pi
× eyt
16pi2
× v
2
2Λ4
× αs
4pi
≈ 3.6× 10
−29
(Λ/TeV)4
e · cm (4.1)
In the estimation expression above, the first three factors are loop factors, while the last
two factors come from vev insertion and operator definition. If this is the only contribution
to EDM measurements using ThO molecules then we are able to derive a bound on Λ from
current constraint Eq. (1.1) as
Λ & 1.3 TeV (4.2)
For Og this turns out to be much weaker than the bound obtained from CP-odd electron-
nucleon interaction discussed below. Nevertheless, if O˜g is generated at scale Λ with an
O(1) coefficient, then we can also estimate the bound on Λ as in the case of Og to be
∼ 1.3 TeV. This is comparable with or even more stringent than the bound from CP-
odd electron-nucleon interaction discussed later. We note that when an observable EDM
receives contributions from both the direct electron EDM and CP-odd electron-nucleon
interactions, in principle we should consider these contributions simultaneously for setting
a reliable bound on the effective scale Λ, since there can be enhancement or cancellation
effects. Nevertheless, because the solution to three-loop running and matching equations
is not yet available, in this paper we adopt a simplistic approach by presenting separately
the bounds obtained from considering only the direct electron EDM contribution or only
the CP-odd electron-nucleon interaction contribution. Therefore the bounds on effective
scales that we obtained by considering only one contribution should be interpreted as valid
when the other contribution is negligible, or be interpreted as an indication of the size
of the corresponding contribution. According to the formulas presented in the following
subsections, for Og, neglecting the direct electron EDM contribution is generally a safe
approximation. However, for O˜g, the direct electron EDM contribution is not expected to
be negligible, therefore although we give bounds by considering two contributions separately,
these bounds should be interpreted with care.
The four-loop contribution to electron EDM (as shown in the right panel of Fig. 3)
can also be estimated. Og generated at Λ with an O(1) coefficient leads to an effective
imaginary part of the electron Yukawa
|Imκe| ∼ v√
2Λ4
× αs
4pi
× αs
4pi
× m
3
t
16pi2
× v√
2me
(4.3)
Here κe denotes the electron Yukawa coupling relative to its SM value, thus we include a
factor of v√
2me
on the right hand side. de receives a contribution from |Imκe| via a two-loop
Barr-Zee diagram, and we estimate the contribution as [6]
|de| ∼ 5.1× |Imκe| × 10−27e · cm ≈ 8.7× 10
−31
(Λ/TeV)4
e · cm (4.4)
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which is smaller by a factor of 40 compared to the three-loop contribution estimated in
Eq. (4.1).
Let us note that due to the gluon condensate 〈0|αs4piGaµνGaµν |0〉 ∼ Λ4QCD (and quark
condensate 〈0|q¯q|0〉 if running is taken into account) the operator OGIg will also lead
to corretion to Imκe when we consider the condensate in Eq. (2.2) (the complex phase
generated in the electron mass term can be removed in the diagonalization of lepton mass
matrix). However the correction is suppressed by
Λ4QCD
Λ4
and thus too small to produce
observable effects as long as Λ & 100 GeV.
4.2 CP-odd electron-Nucleon interaction
The EDM measurements based on atoms and molecules may also be sensitive to CP-odd
electron-nucleon interactions. At hadron level, we parametrize the relevant operators as [37]
LeN ⊃ −GF√
2
∑
N=n,p
(
CSPN N¯Ne¯iγ
5e+ CPSN N¯ iγ
5Ne¯e
)
(4.5)
In this work the tensor type electron-nucleon interaction induced from electron-gluonic
operators is suppressed by an electroweak loop factor and estimated to be negligible. When
we perform a matching from quark level Eq. (3.1) to hadron level Eq. (4.5) the coefficients
CSPN and C
PS
N are obtained as follows
CSPN = −Cg
v
〈
αs
4piGG
〉
N
GFΛ4
−
∑
q=u,d,s
Cq
v 〈mq q¯q〉N
GFΛ4
, (4.6)
CPSN = −C˜g
2v
〈
αs
8piGG˜
〉
N
GFΛ4
−
∑
q=u,d,s
C˜q
v
〈
mq q¯iγ
5q
〉
N
GFΛ4
. (4.7)
Here 〈O〉N ≡ 〈N |O|N〉 denotes the nucleon matrix element of the operator O with respect
to nucleon N . GG and GG˜ are shorthand notations for GaµνGaµν and GaµνG˜aµν , respectively.
Note that the matching is expected to be performed at the hadron scale ∼ 1 GeV, and we
integrate out heavy quarks c, b, t. Following the method in ref. [28, 40], we compute the
relevant nucleon matrix elements as〈αs
4pi
GG
〉
p
=
〈αs
4pi
GG
〉
n
= −183 MeV (4.8)
〈αs
8pi
GG˜
〉
p
= −403 MeV,
〈αs
8pi
GG˜
〉
n
= 31 MeV (4.9)
and the quark scalar and pseudoscalar matrix elements
〈muu¯u〉p = 15.5 MeV, 〈muu¯u〉n = 13.5 MeV,〈
muu¯iγ
5u
〉
p
= 383 MeV,
〈
muu¯iγ
5u
〉
n
= −374 MeV,〈
mdd¯d
〉
p
= 29.4 MeV,
〈
mdd¯d
〉
n
= 33.4 MeV,〈
mdd¯iγ
5d
〉
p
= −808 MeV, 〈mdd¯iγ5d〉n = 816 MeV,
〈mss¯s〉p = 40.2 MeV, 〈mss¯s〉n = 40.2 MeV,〈
mss¯iγ
5s
〉
p
= −487 MeV, 〈mss¯iγ5s〉n = −54 MeV (4.10)
– 9 –
Details about the computation are given in Appendix A. Here we note that the matrix
elements of αs8piGG˜ exhibit significant isospin violation [41]. Moreover, although the un-
certainties of most of the matrix elements listed above can be neglected in our analysis,
the 1σ uncertainties associated with the matrix elements of αs8piGG˜ are estimated to be at
least 36 MeV for both the proton and the neutron, with a weak correlation. Especially for
neutron this uncertainty is so large that we conclude
〈
αs
8piGG˜
〉
n
is in fact compatible with
zero. This large uncertainty significantly weakens the bound on O˜g operator.
4.3 Observable EDM
In this work we consider seven types of materials, including both paramagnetic and diag-
matic ones, to probe direct electron EDM and also various CP-violating electron-nucleon
interactions in a complementary manner. The seven types of materials are: ThO molecule,
HfF+ ion, and atoms 205Tl,199Hg,129Xe,211Rn,225Ra. Their observable EDMs are related
to the electron EDM and CP-odd electron-nucleon interaction coefficients as follows. For
polar molecules [13, 42–44]:
deffThO = de − 1.3× 10−20CSPN (e · cm), (4.11)
deffHfF = de − 7.9× 10−21CSPN (e · cm). (4.12)
And for heavy atoms [37]4:
d205Tl = −582de +
(−7.0× 10−18CSPN + 1.8× 10−23CPSp ) e · cm, (4.13)
d199Hg = −7.9× 10−3de +
(−5.1CSPN + 0.61 (0.09CPSp + 0.91CPSn ))× 10−22 e · cm, (4.14)
d129Xe = −0.98× 10−3de +
(−6.2CSPN + 1.6 (0.24CPSp + 0.76CPSn ))× 10−23 e · cm, (4.15)
d211Rn = 10.7× 10−3de +
(
7.0CSPN − 0.71
(
0.02CPSp + 0.98C
PS
n
))× 10−22 e · cm, (4.16)
d225Ra = 4.3× 10−2de +
(
2.9CSPN − 0.64
(
0.25CPSp + 0.75C
PS
n
))× 10−21 e · cm. (4.17)
Note for ThO and HfF+, since the experimental limit is usually given as a bound on the
electron EDM, we normalize the equation such that the coefficient in front of de is unity.
For simplicity, we neglect isospin violating effects in SP type electron-nucelon interactions,
i.e., taking CSPN = C
SP
n = C
SP
p .
5 Current constraints and future prospects
5.1 Running and matching Effects
Before deriving constraints on operator coefficients from various experiments, it is instruc-
tive to obtain an estimate of the correction due to QCD running and matching effects by
examining hadron-level quantities which are closer to experimental observables than quark-
level quantities shown in Fig. 2. In this process the nucleon matrix elements derived in
4In recent years, some new results for the diamagnetic atoms appeared, see [23, 45–49]. The new results
are compatible with old ones in order of magnitude, but some detailed behavior change much. As an
example, the new estimations on the coefficients of CPSp for 199Hg and 129Xe become ignorable. Such
differences do not modify on our main conclusions.
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Figure 4. The relative corrections of the coefficients CSPN and C
PS
p,n of Eq. (4.5) due to QCD
running and matching effects from the initial scale Λ to the hadronic scale µ = 1 GeV. Left:
assuming only a nonvanishing Cg at Λ, with N = p, n; middle and right: assuming only a
nonvanishing C˜g at Λ.
Appendix A play a crucial role. In Fig. 4 we present the relative corrections due to QCD
running and matching effects. Assuming only Cg or C˜g is generated at a high scale Λ, we
may compute the coefficients CSPN or C
PS
p , C
PS
n at low scale µ ∼ 1 GeV by taking into account
or neglecting the QCD running and matching effects discussed in Section 3. The resulting
differences are denoted δCSPN , δC
PS
p , δC
PS
n respectively, and in Fig. 4 the relative corrections
are obtained by dividing the corresponding coefficients without considering running and
matching effects.
The important message coming from Fig. 4 is that all the CP-odd electron-proton
interactions are quite insensitive to the running and matching effects of the corresponding
electron-gluonic operator (the correction is about 4%), while for CP-odd electron-neutron
interactions, the SP type coefficient is insensitive but the PS type coefficient is sensitive.
This can be traced to the fact that the central value of the neutron matrix element
〈αs8piGG˜〉n ≈ 31 MeV is much smaller than that of proton 〈αs8piGG˜〉p ≈ 403 MeV, see Eq. (4.9).
Here we note that since relative large uncertainty is associated with the neutron matrix
element, the right panel of Fig. 4 also suffers from large uncertainty. Nevertheless, we may
expect the QCD running and matching effects to be significant when we want to constrain
C˜g using materials whose sensitivities are dominated by neutron rather than proton. This
turns out to be the case for 199Hg and 211Rn. Unfortunately even after taking into account
the running and matching effects, the uncertainties due to nucleon matrix elements are still
too large to allow us to obtain meaningful bounds on C˜g from these two materials.
5.2 Contributions in benchmark scenarios
In this section we fix Λ = 1 TeV, and consider two benchmark scenarios: Cg = 1 or C˜g = 1 at
scale Λ. We set coefficients of other CP-violating operators at Λ to zero. We then consider
the contribution to various observable EDMs in these two scenarios. For simplicity, the
contribution to direct electron EDM is not included. This is a good approximation for
constraining Cg but we should keep in mind for constraining C˜g this effect is important for
certain paramagnetic materials.
In Table 1 we present the contribution to CSPN , C
PS
p , C
PS
n (at low scale µ ∼ 1 GeV) in the
two benchmark scenarios, without or with running and matching effects. Combined with the
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CSPN C
PS
p C
PS
n
Tree-level 3.86× 10−6 1.70× 10−5 −1.31× 10−6
One-loop running + matching 4.02× 10−6 1.63× 10−5 −2.00× 10−6
Table 1. The values of CSPN , C
PS
p , and CPSn at hadronic scale µ = 1 GeV with and without taking
into account the QCD running and matching effects, with N = p, n. Here we take Cg = 1 for the
SP case and C˜g = 1 for the PS case.
Observable(e · cm) Cg = 1 C˜g = 1 C˜g = 1 (R)
deffThO −5.2× 10−26 - -
deffHfF −3.2× 10−26 - -
d205Tl −2.8× 10−23 (3.1± 0.3)× 10−28 (2.9± 0.3)× 10−28
d199Hg −2.0× 10−27 (2.1± 8.4)× 10−29 (−2.2± 8.4)× 10−29
d129Xe −2.5× 10−28 (4.9± 1.9)× 10−29 (3.8± 1.9)× 10−29
d211Rn 2.8× 10−29 (0.7± 1.1)× 10−28 (1.2± 1.1)× 10−28
d225Ra 1.2× 10−26 (−2.1± 0.7)× 10−27 (−1.6± 0.7)× 10−27
Table 2. Contributions to observable EDMs in benchmark scenarios described in the text. Note:
contribution to direct electron EDM is not included. The results in the column marked with (R)
are computed with QCD running and matching effects which are not taken into account in the
remaining columns. For C˜g = 1 scenario, the indicated uncertainties are conservative estimates
based on the estimation of uncertainties of nucleon matrix elements given in Appendix A.
|deN/deEDM| Cg = 1 C˜g = 1
ThO 1.5× 103 0
HfF+ 8.8× 102 0
205Tl 1.3× 103 1.4× 10−2
199Hg 7.2× 103 7.6× 101∗
129Xe 7.1× 103 1.1× 103∗
211Rn 7.3× 103 3.0× 102∗
225Ra 7.5× 103 1.1× 103∗
Table 3. Estimate of the ratio of the contribution from CP-odd electron-nucleon interaction to the
contribution of direct electron EDM in benchmark scenarios described in the text. The numbers
should all be viewed as rough estimates. For entries marked with an asterisk, the ratio might be
significantly overestimated, considering the large uncertainties shown in Table 2.
observable EDM formulae given in the previous section this facilitates a quick estimation of
typical contribution to observable EDMs from new CP-violation sources around TeV scale.
In Table 2 we present the estimated contribution to various observable EDMs in the two
benchmark scenarios.
For the observable EDM measurement from any given material, it is also instructive
to compare the contribution from CP-odd electron-nucleon interaction deN and the contri-
bution from the direct electron EDM deEDM. For the two benchmark scenarios, we present
the ratio |deN/deEDM| in Table 3, which can be calculated from the results in Table 2 and
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Observable(e · cm) Current Limit Confidence Level Future Limit Ref.
|deffThO| 1.1× 10−29 90% 10−31 [5, 50]
|deffHfF| 1.3× 10−28 90% 10−30 [42]
|d205Tl| 9.5× 10−25 90% - [51]
|d199Hg| 7.4× 10−30 95% - [52]
|d129Xe| 5.5× 10−27 90% 3× 10−29 [13, 35]
|d211Rn| - - 2× 10−28 [35]
|d225Ra| 1.4× 10−23 95% 10−28 [53]
Table 4. Current and future experimental upper limits on various observable EDMs. The
confidence level refers to current limits.
the direct electron EDM estimate in Eq. (4.1) (the various enhancement or suppression
factors for electron EDM should be taken into account if relevant). The results shown
in Table 3 should be viewed as rough order-of-magnitude estiamtes, but it still delivers
useful information. Let us note that in forming the ratio, the factor Cg
Λ4
or C˜g
Λ4
will cancel
(when the running effect is not significant), therefore the value of the factor Cg
Λ4
or C˜g
Λ4
is not
important for estimating the ratio. Then from Table 3 we may conclude that for Cg 6= 0
scenario, the contribution from CP-odd electron-nucleon interaction always dominate, and
it is safe to neglect the direct electron EDM contribution. However, for C˜g 6= 0 scenario, it
is hard to identify any one material in which the contribution from CP-odd electron-nucleon
interaction will certainly dominate, considering the large uncertainties shown in Table 2.
5.3 Constraints from current and expected experiments
In Table 4 we present current and future (expected) experimental upper limits on various
observable EDMs. A comparison between Table 2 and Table 4 gives a feeling about
the constraining power on Cg and C˜g for fixed Λ, or equivalently, on Λ for fixed Cg
and C˜g, bearing in mind that the new physics contribution roughly scale as Λ−4. In
Table 5 the current and future experimental upper limits on various observable EDMs
are translated into lower bounds on the effective scale Λ in the definition Eq. (2.2) and
Eq. (2.3). Specifically, the Λ column refers to the current lower bound assuming Cg = 1,
the Λ˜ column refers to the current lower bound assuming C˜g = 1, the Λ∗ column refers
to the expected future lower bound assuming Cg = 1, and the Λ˜∗ column refers to the
expected future lower bound assuming C˜g = 1. We consider one parameter at a time and
thus set coefficients of other new physics operators at the effective scale to zero. Note the
bound is obtained by neglecting the contribution to direct electron EDM via three-loop
running or matching. The confidence levels are the same as those shown in Table 4 for
current limits while for future projection since the sensitivities are all rough estimates we
do not distinguish between 90% and 95% at the moment. Entries marked with a dash
mean no meaningful bound can be obtained due to large uncertainties or lack of data or
information of future experiments. We have neglected nucleon matrix element uncertainties
in obtaining these bounds, which could lead to large uncertainties in the bounds on Λ˜ and
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Observable Λ(TeV) Λ˜(TeV) Λ∗(TeV) Λ˜∗(TeV)
|deffThO| 8.3 - 27 -
|deffHfF| 4.0 - 13 -
|d205Tl| 2.3 0.13 - -
|d199Hg| 4.1 - - -
|d129Xe| 0.46 (0.29) 1.7 (1.1)
|d211Rn| - - 1.9 -
|d225Ra| 0.17 (0.1) 3.3 (2.0)
Table 5. Lower bound on the effective scale Λ in the definition Eq. (2.2) and Eq. (2.3). See text
for detailed explanation.
Λ˜∗ for 129Xe and 225Ra. We put the corresponding results in parentheses to indicate their
being afflicted by large nucleon matrix element uncertainties.
According to Table 5, currently the most stringent bound on the effective scale of
(e¯iγ5e)GaµνG
aµν comes from the ThO experiment, which gives a lower bound of about 8 TeV.
In the future this bound could be improved to 27 TeV. These bounds are impressive in that
the electron-gluonic operator is dimension-eight in the context of SMEFT. For (e¯e)GaµνG˜aµν ,
currently a relatively reliable bound comes from 205Tl, which set the effective scale to be
larger than about 0.13 TeV. Bounds from other materials suffer from large nucleon matrix
element uncertainties. As discussed in Section 4 considering the contribution to direct
electron EDM generated by three-loop running and matching could set a lower bound on
the effective scale for (e¯e)GaµνG˜aµν as ∼ 1.3 TeV from current ThO experiment. This could
be further improved to ∼ 4 TeV in the future. However, bounds obtained in this way are
currently only order-of-magnitude estimates, which suffer from a large uncertainty unless
the solution to the associated running and matching equations is obtained.
6 Discussion and conclusions
In this paper we have examined current and future bounds on the CP-odd electron-gluonic
operators (e¯iγ5e)GaµνGaµν and (e¯e)GaµνG˜aµν , or in the gauge invariant form shown in
Eq. (2.2) and Eq. (2.3). They could arise from integrating out CP-violating new physics
at a high scale Λ, say, a few TeV. In the SMEFT framework they are represented as
dimension-eight operators and thus their effects are suppressed by Λ−4. Nevertheless we
found the current ThO experiment can already put an impressive lower bound on the
effective scale of the operator (e¯iγ5e)GaµνGaµν at around 8 TeV. This is obtained by
assuming the parametrization in Eq. (2.2) and thus implicitly we are assuming the new
physics contribution does not suffer from helicity suppression (otherwise the bound would be
significantly weakened). We have also shown explicitly that QCD running effects can bring
only a mild correction to the bound on the coefficient of (e¯iγ5e)GµνGµν operator which was
extracted from ACME II ThO measurement, thus we can obtain a similar bound through
only a tree level analysis. Future ThO measurements are expected to push the bound to
27 TeV. One interesting aspect about the operator (e¯iγ5e)GaµνGaµν is that it contributes
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to observable EDM mainly through CP-odd electron nucleon interaction rather than direct
electron EDM (which only arises from three-loop level). For the operator (e¯e)GaµνG˜aµν ,
if we consider only the contribution from CP-odd electron-nucleon interactions, there is
no constraint from merely ACME experiment, because the averaged spin for both kind of
nucleons vanish in Th- and O-nuclei. Even after considering other materials, we still found
the current bound on the effective scale is weak (∼ 0.13 TeV from 205Tl). Its contribution
to direct electron EDM via three-loop running and matching might give a more stringent
bound (∼ 1.3 TeV), but this only serves as an order-of-magnitude estimate.
Drell-Yan process at hadron colliders could also probe lepton-gluonic operators, as
studied in ref. [9–11]. A detailed collider study for the CP-odd electron-gluonic operators
is beyond the scope of the present work. Nevertheless, from the results of ref. [11] for
lepton-flavor-violating lepton-gluonic operators we could estimate current LHC sensitivity
to the effective scale is at best around 1 TeV. For the operator (e¯iγ5e)GaµνGaµν , the collider
sensitivity is certainly not comparable with ThO experiments. However for the operator
(e¯e)GaµνG˜
aµν , the collider sensitivity might be comparable and a detailed simulation (and
also detailed study of the uncertainties in predicting the observable EDMs) is needed
to determine whether collider experiments could deliver a more stringent constraint. It
should be noted that in any case, the collider probe is not sensitive to the CP-nature of
the interaction, unlike EDM observables. We therefore expect future EDM experiments,
hopefully involving new materials and techniques, could play an indispensable role in
discovering or constraining new sources of CP-violation.
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A Nucleon Matrix Elements
In this appendix we outline the derivation of relevant nucleon matrix elements which are
important for relating the quark-level Lagrangian to the hadron-level Lagrangian. We
first consider the matrix element
〈
αs
4piGG
〉
N
, which appears in the following sum rule after
performing the heavy quark expansion [28, 40, 54]
mN =
(
1 +
2αs
pi
) ∑
q=u,d,s
〈mq q¯q〉N −
9
2
〈αs
4pi
GG
〉
N
. (A.1)
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We note that piN and strange σ terms (for both N = p, n) have been obtained by lattice
calculation as [55] 5
σpiN ≡ mu +md
2
〈
u¯u+ d¯d
〉
N
= (45.9± 7.9) MeV, (A.2)
σs ≡ 〈mss¯s〉N = (40.2± 12.2) MeV. (A.3)
On the other hand, another combination of quark matrix elements are obtained in ref. [57]
with the aid of SU(2) chiral perturbation theory
σ−,p ≡ (md −mu)〈u¯u− d¯d〉p = (2± 1) MeV, (A.4)
σ−,n ≡ (md −mu)〈u¯u− d¯d〉n = (−2± 1) MeV, (A.5)
If we define ΣN ≡
∑
q=u,d,s 〈mq q¯q〉N , then from the above results for σpiN , σs, σ−,p, σ−,n we
can obtain
Σp = σpiN + σs − σ−,p
2
= (85.1± 14.6) MeV, (A.6)
Σn = σpiN + σs − σ−,n
2
= (87.1± 14.6) MeV. (A.7)
These results allow us to obtain
〈
αs
4piGG
〉
N
from Eq. (A.1)〈αs
4pi
GG
〉
p
= (−183.2± 4.3) MeV,
〈αs
4pi
GG
〉
n
= (−182.9± 4.3) MeV. (A.8)
The difference between proton and neutron is very small and thus neglected when this
nucleon matrix element is involved in the calculation.
Let us then turn to the estimation of
〈
αs
8piGG˜
〉
N
. We introduce the axial-vector currents
Aµ0 ≡
1
3
(
u¯γµγ5u+ d¯γµγ5d+ s¯γµγ5s
)
, (A.9)
Aµ3 ≡
1
2
(
u¯γµγ5u− d¯γµγ5d) , (A.10)
Aµ8 ≡
1
2
√
3
(
u¯γµγ5u+ d¯γµγ5d− 2s¯γµγ5s) . (A.11)
The associated form factors at zero momentum transfer are then defined by
lim
q→0
〈N |Aµa |N〉 = FNa u¯Nγµγ5uN . (A.12)
in which uN denotes the nucleon spinor. From the divergence of the above equation we
obtain
FN0 mN
(
u¯N iγ5uN
)
=
1
3
∑
q=u,d,s
〈
mq q¯iγ5q
〉
N
−
〈αs
8pi
GG˜
〉
N
, (A.13)
FN3 mN
(
u¯N iγ5uN
)
=
1
2
(〈
muu¯iγ5u
〉
N
− 〈mdd¯iγ5d〉N) , (A.14)
FN8 mN
(
u¯N iγ5uN
)
=
1
2
√
3
(〈
muu¯iγ5u
〉
N
+
〈
mdd¯iγ5d
〉
N
− 2 〈mss¯iγ5s〉N) . (A.15)
5There are also some results from other lattice groups or chiral perturbation calculation, as summarized
in [56]. The results vary in the region σpiN ∼ (30 − 60) MeV, and thus the result we quoted in this paper
is close to the averaged value. Its variance modify the final gluon matrix elements at percent level, which
means our final results are not sensitive to this variance.
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In the following we will drop the factor
(
u¯N iγ5uN
)
. To facilitate the comparison with
experiments, we introduce ∆qN , N = p, n, defined as
∆qN ≡ 〈N |q¯γµγ5q|N〉sµ (A.16)
where sµ represents the nucleon spin 4-vector. It is proven in ref. [58] that ∆qN satisfies
mN∆q
N =
〈
mq q¯iγ5q
〉
N
−
〈αs
8pi
GG˜
〉
N
(A.17)
This allows us to obtain relations between FNa and ∆qN
2F p3 = ∆u
p −∆dp = −2Fn3 , (A.18)
2
√
3F p8 = ∆u
p + ∆dp − 2∆sp = 2
√
3Fn8 , (A.19)
From the review on axions in ref. [59] we take the following experimental values
2F p3 = 1.269± 0.003, (A.20)
2
√
3F p8 = 0.586± 0.031, (A.21)
∆sp = −0.09± 0.02 = ∆sn. (A.22)
Then we are able to obtain
∆up = −∆dn = 0.84± 0.03, ∆dp = −∆un = −0.43± 0.03. (A.23)
To obtain the gluon matrix element, it is traditional to adopt the large Nc chiral limit,
implying the constraint (with uncertainty at O(N−1c ) understood) [28, 40, 58]∑
q=u,d,s
〈q¯iγ5q〉N = 0 (A.24)
Then we are able to obtain〈αs
8pi
GG˜
〉
N
= −mN
∑
q(∆q
N/mq)∑
q(1/mq)
= −mN
(
∆sN +
FN3 (1−mu/md)
1 +mu/md +mu/ms
+
√
3FN8
1 + (ms/mu +ms/md)−1
)
.
(A.25)
Numerically we have
G˜p ≡
〈αs
8pi
GG˜
〉
p
= (−403± 36) MeV, G˜n ≡
〈αs
8pi
GG˜
〉
n
= (31± 36) MeV, (A.26)
with a correlation R = −0.15. Recent lattice data reduced the mass ratio uncertainty to
mu/md = (0.46 ± 0.05) [4, 60], thus the uncertainties from mu/md, FN8 , and ∆sN are
of the same order ∼ O(10 MeV). The dominant part of uncertainties still comes from
mu/md which leads to |δG˜n,p| ∼ 27 MeV. However, it should be kept in mind that the
uncertainties of nucleon matrix elements given here are intended as conservative estimates
since several sources of uncertainties are not taken into account. Quark matrix elements
and their uncertainty estimates can also be obtained from the relations presented above.
We display the corresponding results in Table 6 and Table 7. Note that due to correlations,
in these tables the uncertainty of the sum of matrix elements can be smaller than the
uncertainty of the matrix element of an individual quark flavor.
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Quark q u d s sum
〈mq q¯q〉p (MeV) 15.5± 2.7 29.4± 5.5 40.2± 12.2 85.1± 14.6
〈mq q¯q〉n (MeV) 13.5± 2.7 33.4± 5.5 40.2± 12.2 87.1± 14.6
Table 6. Nucleon matrix elements of scalar quark operators mq q¯q.
Quark q u d s sum〈
mq q¯iγ5q
〉
p
(MeV) 383± 39 −808± 27 −487± 31 −912± 31〈
mq q¯iγ5q
〉
n
(MeV) −374± 39 816± 27 −54± 31 388± 31
Table 7. Nucleon matrix elements of pseudoscalar quark operators mq q¯iγ5q.
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